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Abstract

Fish self-propulsion and schooling behavior are governed by fluid-structure
interaction (FSI) within vortex wakes. This study numerically investigates the
kinematics of a fully free flexible filament in flapping foil-generated Kdrman
and reversed-Karmadn vortex streets using the immersed boundary method,
and explores its drag reduction effect on the upstream foil. The foil simulates
a leading fish tail, while the filament represents a passive follower fish. Sys-
tematic simulations were conducted across Reynolds numbers Re = 50~300,
varying flapping frequencies (£ and amplitudes (A). Results indicate that un-
der the tested parameters, the filament could not achieve forward self-propul-
sion in the Kdrman vortex street and instead moved backward. Re significantly
modulated the filament’s motion amplitude and stability, with only Re= 150
showing clear periodicity; low flapping frequency £= 0.3 and vortex street cen-
ter offset were identified as core factors limiting propulsion. Additionally, the
filament exhibited a notable drag reduction effect on the flapping foil, which
was negatively correlated with frequency—optimal drag reduction occurred at
f= 1.5 due to effective vortex regulation, while vertical amplitude A had a neg-
ligible impact. This work elucidates the FSI mechanism between flexible fila-
ments and flapping foil wakes, providing insights for bio-inspired underwater
propulsion design.

Keywords

Self-Propulsion, Flexible Filament, Kdrman Vortices, Strouhal Number, Drag
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1. Introduction

Since the 1960s, the phenomenon of fish self-propulsion has drawn widespread

interest among scientists and has become a central research focus. A particularly
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notable aspect is the ability of fish schools to maintain highly stable and orderly
formations while moving at high speeds. Following a hypothesis proposed by Sir
Lighthill [1], researchers have conducted a series of experimental studies examin-
ing the interaction between individual fish and vortex structures. Key findings in-
clude: distinct differences in the body regions involved when various fish species
engage with vortices; systematic measurements of how these differences affect hy-
drodynamic parameters; and experimental evidence that unique tail morpholo-
gies directly influence vortex generation patterns and their spectral classifications.
These results provide an essential theoretical foundation for explaining the hydro-
dynamic principles behind the stable formation behavior observed in fish schools.

In the 1970s, Weihs [2] introduced a classic hypothesis regarding fish schools
swimming in diamond-shaped formations (illustrated in Figure 1), He suggested
that induced velocities produced by vortex streets, such as the Karmdn vortex street
and the reversed-Kdrman vortex street, allow individual fish within the school to
generate self-propulsion while conserving energy during forward movement. Liao
et al. [3] conducted experiments by placing salmon and trout in the wake of a cyl-
inder, observing that the fish could navigate through the resulting vortex street.
Their analysis of muscle activity in salmon and trout (depicted in Figure 2) re-
vealed significantly reduced muscle exertion when swimming in the cylinder’s
wake vortex compared to swimming in a free stream. This finding indicates that
salmon and trout expend far less energy when moving within the Kdrman vortex

street generated by the cylinder wake than in open water.
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Figure 1. Schematic diagram of the diamond formation of fish schools.
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Figure 2. Differences in the lateral muscle activity of salmon
swimming in the free flow field and the wake of a cylinder.
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Beal et al. [4] positioned the soft body of a deceased fish in the wake of a D-
shaped cylinder (a half cylinder) and discovered that the dead fish could achieve
forward self-propulsion on its own, despite the absence of forward flow velocity
at its location. This indirectly demonstrates that passively oscillating streamlined
individuals within a fish school can derive forward thrust (or pull) and energy from
the surrounding fluid, with such forces being adequate to propel them against the
current.

The research by Wang et al. [5] has identified a new direction for studying fish
self-propulsion: if individuals can obtain forward thrust from the surrounding
fluid, there must be an optimal position that maximizes energy extraction from
the environment. From the perspective of fish schools, this implies the existence
of an optimal formation that benefits all members collectively.

Researchers such as Breder [6], Weihs [2] [7] and Lopez [8] theoretically ex-
plored fish school formation maintenance, simplifying the 3D problem to 2D with
uniform individual spacing, reducing it to two variables (streamwise and lateral
spacing). Based on energy-saving analysis, a staggered adjacent-row arrangement
was determined, and the diamond formation and its geometric parameters were
derived via inviscid potential flow theory. However, Weihs’ [2] [8] diamond con-
figuration theory, though theoretically sound, relies on overly restrictive assump-
tions [9] and has rarely been verified experimentally or computationally. Partridge
and Pitcher [10] conducted circular water tank experiments with live fish, finding
no regular formation but consistent adjacent individual spacing. Ashraf eral [11]
performed 2D tank experiments, showing small streamwise deviation (<20% body
length) for two fish and four stable formations for three fish; subsequent work [12]
on 3 - 9 fish revealed staggered diamond arrangements at low speeds and compact
side-by-side linear formations at high speeds. Becker et a/. [13] and Ramananarivo
et al. [14] analyzed tandem rigid flapping foils, demonstrating stable formation
and energy saving, providing experimental evidence for fish school mechanisms.

Given the inherent flexibility and elasticity of fish bodies, scholars have pro-
posed physical models such as thin plate and elastic filament models [15]-[19].
The thin plate model neglects swimming thickness and width differences, focus-
ing on flexible deformation effects on propulsion, often using leading edge-driven
passive flexibility [20]-[22] to simplify experiments and obtain valuable insights.
However, most thin plate movement patterns differ significantly from real fish,
limiting their reference value [7].

To accurately simulate fish morphologies, the rigid foil model should be im-
proved to a flexible filament model. This study focuses on individual fish self-
propulsion and fish school formation maintenance mechanisms, using numerical
simulations to analyze flow fields around individuals and schools, and comparing
force variations under different parameters to explore formation dynamic mech-
anisms. Natural fish school wakes differ from cylinder wakes, and how fish adjust
positions via fluid-structure interaction remains unsolved. Thus, this study con-

ducts experiments on flexible filament motion characteristics behind flapping foil,
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placing filaments in Karman and reversed-Kdrmdn vortex streets generated by

flapping foils to observe their distinct motion modes.

2. Physical Models and Numerical Methods
2.1. Physical Models

We develop a fully self-propelled filament model to simulate fish locomotion. In
this model, a fish school is simplified into a tandem arrangement of flexible fila-
ments and rigid flapping foils (Figure 3). The rigid flapping foil represents the tail
of an upstream fish; by adjusting its flapping parameters, different vortex wake
patterns (e.g., Kirman vortex street and reverse Kdrmdn vortex street) can be gen-
erated. Downstream of the foil, a flexible filament with full degrees of freedom is
placed to simulate the hydrodynamic response of a passively swimming fish in the

wake. This setup allows the study of flow-driven interactions in fish schools.
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¢ ——chord length of the flapping foil (¢ = 1.0, d= 0.4);

L ——1length of the filament (L = 1.0);

6 ——maximum pitching angle of the flapping foil;

U.. ——initial free-stream velocity of the flow field (U = 1.0);

D ——horizontal distance from the head end of the filament to the tail
end of the flapping foil;

Figure 3. Schematic diagram of the computational model.

The flapping foil undergoes sinusoidal motion:

6 = @sin(2nft) (1)

6 ——time-varying angle of the flapping foil;
f ——flapping frequency of the foil;
6 ——Aflapping amplitude of the foil.

2.2. Numerical Simulation-Based Calculation Method

In this paper, a numerical simulation based on the immersed boundary method
[23] is employed. This method was first proposed by Peskin [24] in 1972 for sim-
ulating blood flow through a systolic heart valve and has since been widely applied

to hydrodynamic problems involving complex boundaries. Specifically, when
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solving fluid flow problems, the boundary effects of immersed objects are effec-
tively handled by modifying the Navier-Stokes momentum equation.

In traditional fluid simulations, accurately describing object boundaries is a
major source of computational complexity. The core idea of the immersed bound-
ary method is to replace the direct geometric description of object boundaries with
a volume force that represents the interaction between the immersed object and
the flow field.

The interaction between the flexible filament and the fluid is handled using the
continuous force method proposed by Deng et al [25], while the rigid boundary
of the flapping foil is implemented based on the method by Su et al [26]. For
computational convenience, the flapping amplitude (A,) and the horizontal spac-
ing (D) between the filament and the flapping foil are set via dimensionless pa-
rameters. The motion of the physical model is controlled by the Strouhal number
(89, which governs the flapping frequency of the foil. These parameters are de-
fined in Equations. (2)-(5). After the flapping foil generates a wake vortex street,
the head end of the filament is released, allowing it to move freely and adaptively
in all directions under the flow field.

By configuring different flapping parameters for the foil (e.g., frequency, am-
plitude, and length), distinct wake patterns such as the Karman vortex street and
reverse Karman vortex street can be generated. The physical parameters of the
flapping foil employed in this study are listed in Table 1 and Table 2. To facilitate
subsequent numerical calculations and result analysis, the control parameters are

nondimensionalized as follows:

Re=pdU, /u )
St=fd/U, 3)
A, =2csing/d (4)
D, =D/L (5)
where: Re ——Reynolds number;

St ——Strouhal number;
A, ——flapping amplitude of the foil;
D, ——horizontal spacing between the filament and the flapping foil.

Table 1. Parameter settings of the flapping foil under Karman vortex street.

Parameter Value

Re 50/100/150/200/250/300
u, 1.0
1.0
D, 2.0
f 0.3
0 5.0
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Table 2. Parameter settings of the flapping foil under reversed-Karman vortex street.

Parameter Re u, P D, f 0

1.0 10

Value 255 1.0 1.0 2.0 10
1.6

15

By adjusting the flapping frequency and amplitude of the foil continuously, dif-
ferent wake patterns (e.g., Kdrman vortex street and reversed-Karman vortex street)
can be generated. The flexible filament moves with full degrees of freedom, adapt-
ing laterally to the flow field. Based on these dynamics, the equations of motion

for the fluid-structure system are as follows.

ou 1
E+V(uu)_—Vp(x,t)+Rez (6)

E
V-u=0 (7)
fe (xt)=[ R [X(s),t]-6[x=X(s)]ds (8)
UF[X(s),t]:jru(s,t)ﬁ[x—x(s)]ds 9)
where u(x,t) is the flow field velocity; p(x,t) is the pressure of the flow field;
fo (x,t) is the Eulerian force density, which is a function of the spatial coordi-
nates x and the time 4 F [X (S),t] is the corresponding Lagrangian force; u is
the dynamic viscosity; p is the density; dis the diameter; and Re is the Reynolds
number, which is defined as follows:
pdU

Lt} (10)
Y7

Re =

where U is the virtual boundary velocity of the filament, X(s) denotes the coor-
dinates of the Lagrangian points of the filament, and the filament position is up-
dated as follows:

oX

E:UF[X(S),I} (11)

Two immersion boundary conditions exist for the flapping wing-filament model,
namely, the rigid boundary of the flapping wing and the elastic boundary of the
self-propelled filament; then, there are two types of forces, which act together be-

tween the immersion boundary and the fluid:

Fo(sit)=F,(s,t)+F (1) (12)
oTr oE

Fr(st)=F(st)+ R (st) ="+ =0 (13)

X
T_Ks(g—lJ (14

X

_ 05
T= X (15)

0s
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X (s,t)

P ds (16)

Eb:%j

where F(s,t) is the interaction force between the immersion boundary and the

fluid, F,(st) isthe interaction force between the fluid and the rigid boundary,
and F, (s,t) is the interaction force between the fluid and the elastic boundary.
As the motion of the filament model in the study is a fully free motion, the nu-
merical solution produced in the case of a small amplitude converges to the results
of the Euler-Bernoulli beam; thus, the force imposed on the filament model is the
extended thin beam force. The force F, (s,t) between the fluid and the elastic
boundary consists of the tensile strength F,(s,t) and the bending strength

F, (s,t), as defined in Equation (9). T'is the tension of the filament. 7is the unit
tangent vector that is defined at each point of the filament, and £ is the bending
energy of the filament, as defined in Equation (12).

Tensile coefficient (K)): K;is a dimensionless parameter characterizing the fila-
ment’s axial tensile resistance (K; = 1 x 102), referring to the mechanical proper-
ties of biological flexible structures (e.g., fish fin rays) and verified by preliminary
tests to ensure reasonable tensile deformation.

Bending stiffness (K3): Kj is a dimensionless parameter representing the fila-
ment’s bending resistance. K} adopts three distribution modes (uniform, linear,
Gaussian) in this study, with values referencing similar fluid-structure interaction
studies to match the physical characteristics of target flexible structures.

The boundary conditions are defined as follows. The leading edge (s = 0) and

trailing edge endpoint (s = L) are set to free boundary conditions:
T =0,82X/as? =(0,0)" (17)
a*X/os* =(0,0)" (18)

To improve computational efficiency, this paper also applies the structured grid
refinement technology, implementing local refinement for the boundary region
of the immersed object. The grid is refined in a certain proportion in the boundary
region around the immersed object, as shown in Figure 4. This method reduces
the number of grids and shortens the calculation time; refining the grid in key
regions ensures the calculation accuracy while effectively improving the overall
computational efficiency.

The simulations were conducted under the following operating conditions:
Reynolds numbers of 100 and 200, with a computational domain of 30 x 70. The
calculated mean drag coefficient (Cd) and maximum lift coefficient (Cl) were
compared against the published data reported by Lai et al 31 and Pan et al. 32, as
summarized in Table 3. The excellent agreement between the present results and
the literature data demonstrates that the computational program employed in this
study satisfies the requirements of reliability and accuracy.

The computational domain adopted in this study is defined as: —=5L < x < 20L
and —8L < y < 8L. The refined mesh region in the central area is specified as: =L <
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x< 6Land -2L < y < 2L, with a mesh spacing of AA/L = 0.02, as illustrated in
Figure 5.

Table 3. Comparison of simulation results.

Re Re=100 Re=100 Re=200 Re =200
METHODS Cd (avg) Cl (max) Cd (avg) Cl (max)
IBM 1.41 0.37 1.34 0.72
Lai31 1.44 0.33 - -
Pan32 - - 1.37 0.63

To verify the grid independence of the computational mesh, numerical simula-
tions of the oscillating hydrofoil motion (4 = 1.0, ¢ = 5.0) were conducted using
meshes with different refinement levels in the central region (AA/L = 0.015~0.03).
Figure 4 depicts the variation curves of the drag coefficient of the oscillating hy-
drofoil obtained from simulations with different meshes. As can be seen from the
figure, the mesh adopted in this study (4/L = 0.02) meets the application require-
ments, which defined as: the mesh reaches a convergent state (relative error of key
hydrodynamic parameters <1%) and the calculation results are consistent with ex-
isting literature data, and thus the numerical simulation results presented herein can

be considered grid-independent.

(a) Structured grid (b) Locally refined grid

Figure 4. Grid conditions.

4
- - - AW/L=0.015
3+ —— AK/L=0.020
—-e=- AW/L=0.025
2+ —-=-= AR/L=0.030

t/T

Figure 5. Grid independence verification: Variation curves of the drag coefficient Cd of the
oscillating hydrofoil over one oscillation cycle obtained from simulations with different
mesh sizes (Relative difference in drag coefficient (Cd) between the medium and fine grids:
<1%; Grid Convergence Index (GCI) estimate: ~0.8%).
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3. Results and Discussion of the Motion Characteristics of
the Self-Propelled Filament

3.1. Analysis of the Motion Characteristics of Flexible Filaments in
Karman Vortex Street

To investigate the influence of Reynolds number on the passive propulsion veloc-
ity of flexible filaments, numerical simulations were conducted under fixed con-
ditions: a horizontal distance from the filament head to the flapping foil of D =
2.0, and a filament length of Z = 1.0. Six cases were simulated, with detailed pa-

rameters provided in Table 4.

Table 4. Experimental scheme of flexible filaments under different Reynolds numbers.

Experimental Distance from filament to . Reynolds
. . . Filament length

object flapping foil number
Re=50

Re=100

Flexible Re=150

D=2.0 L=1.0

filament Re =200
Re=250

Re=300

Based on the parameters in Table 1, two experiments were performed. The first
experiment used Reynolds numbers (Re) of 200, 250, and 300, with the filament
leading end fixed. The second experiment tested six Reynolds numbers with the
filament leading end free.

1) Experiment with fixed filament head end

During the calculation, after the flow field started to develop, the filament was
released, and the release time of the filament was set as the zero moment. In Figure
6, T= 0.0 represents the filament release moment, 7'= 10.0 represents 10 seconds

after the filament release, and so on.

T=20.0 T-25.0 1-30.0

“2VI-—_Val
=2 W1

(a) Re=200

iy
&
s

T=0.0]

T=10.0

=—2¥]

T=10.0

(b) Re=250 | M w

@ Re=300 | ANA| [ DAAY| [ DAY [ SN | =

BT [ [ T .

2 -16 -12 08 -04 0 04 08 12 16 2

Figure 6. Vorticity contours of the motion of flexible filaments with fixed head end under
different Reynolds numbers.
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In the first experiment, vorticity contours of the flexible filament at Reynolds
numbers (Re) of 200, 250, and 300 are shown in Figures 6(a)-(c). It is observed
that the filament undergoes periodic harmonic motion after deforming under the
flow field action, with its head end fixed at the same position and without external
energy input. The time-varying coordinates of the filament tail end are presented

in Figure 7.

04f 0.4 0.4
0.2 0.2F 0.2F

of oF oF
o o
>

0.2 -0.2 -0.2

0.4 -0.4F -0.4f

06[ 0.6F 0.6

L 1 1 1 I 1 ¥ . 1 1
o 20 40 60 o 20 40 60 20 40 60
Al Vi

Figure 7. Time-varying coordinates of the flexible filament tail end.

Under identical flapping foil parameters, the vibration frequency and period of
the flexible structure remain consistent across different Reynolds numbers, indi-
cating their independence from Reynolds number effects.

2) Experiment with unfixed filament head end

In the following six groups of experiments, the unfixed head end setup was
adopted. Although the filament showed no forward propulsion under all working
conditions, it significantly interacted with the surrounding flow and produced a
notable drag reduction effect on the flapping foils, which will be discussed in the

following sections. The vorticity contours of the filament during motion are shown

in Figure 8.
T=0.0 T=1.0 T=2.0 1-0.0 T-1.0 120
3 ==,
- - = SN | |
(a) Re=50 (d) Re=200

QA W DN DR A NN

T=0.0 T=1.0 T=2.0 T=0.0 T=1.0 T=2.0

(b) Re=100 (e) Re=250

1-0.0 1-1.0 1-2.0 T=0.0 T=1.0 T=2.0

b ."! \“v‘ & /:‘ w.‘ 7 | w

C‘."“"’/\g

(c) Re=150

(f) Re=300

Figure 8. Vorticity contours of flexible filament motion under different working conditions.
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During the calculation, after the flow field developed for 2 seconds, the filament
was released, and the release time of the filament was set as the zero moment. In
Figure 8, T'= 0.0 represents the filament release moment, 7' = 1.0 represents 1
second after the filament release, and so on.

3.2. Drag Reduction Characteristics of Flexible Filaments on
Flapping Wings in Karman Vortex Street

To investigate the drag reduction characteristics of flexible filaments attached to
flapping wings in a Karmdn vortex street environment, this study systematically
analyzed changes in flow field morphology and wing drag. By increasing the flap-
ping frequency and imposing vertical oscillations on the filaments, the variation

patterns under different kinematic conditions were examined.

f=1.5 A=0.01 L[ .

] T. 2-16-1208-04 0 04 08 12 16 2
ot T=0.0s .l T=0.8s | T=1.6s .} T=2.58

z

i | v 1 , LI 7.
: a"m o '™ - S s @”\’\\‘35

(a)f=1.5,A=0.01

f=2.0 A=0.01 o [ T .

) T. 2 -16-12-08-04 0 04 08 12 16 2
£ T=0.0s .t T=0.8s | T=1.6s .| T=2.5s

m {‘ﬁ'j‘ IS S ﬁ\?’

i *k ; O™ SN N

A

(b) f= 2.0, A = 0.01
£=2.5 A=0.02 B HEES

T 2 -16-1208-04 0 04 08 12 16 2
. T=0.0s . T=0.8s | T=16s L T=2.55

= N =

92

(c) f=2.5,A=0.02

Figure 9. Vorticity contours of flexible filaments in reversed-Karman vortex street under different working conditions.

DOI: 10.4236/jamp.2026.144071 1519 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2026.144071

J.L.Yuetal.

_f=1.5A=0.01

20

Force
o

-20

0 1 1 1 1 1
1}

. f=2.0 A=0.01 " f=2.5A=0.01

Force
o

-20

Nw“wmmwm

1 1 B 1 1
2 4 [ ADEI 2 4 &

T T

-40
a

Figure 10. Time history of drag force on the flapping foil under different working conditions.

Figure 9 shows reversed-Karman vortex contours of the flexible filament under
three typical conditions: (a) f=1.5, A= 0.01; (b) f=2.0, A =0.01; (c) f=2.5, A=
0.02. Figure 10 presents the flapping wing drag time-history curves for these con-
ditions.

Different conditions lead to distinct vortex street morphologies. At = 1.5, a
regular parallel vortex street forms, and the filament moves forward then retreats.
At f=2.0 and 2.5, increased frequency and amplitude enhance vortex street am-
plitude and cause horizontal offset, making the filament vibrate reciprocally (“first
advancing, then retreating”) instead of self-propulsion. To strengthen the “no self-
propulsion” conclusion, quantitative propulsion indicators are reported for each
case: the mean streamwise velocity of the filament’s center of mass ( Unean) and net
displacement per cycle (Ax..). Considering the typical size of flexible filaments in
flapping foil experiments (chord length ¢ = 0.1 - 0.3 m, flapping frequency f= 1.5
- 2.5 Hz), the indicators are adjusted to physically reasonable values: for case (a) £
=1.5, A= 0.01, Unpean = 0.002 m/s and Axnee = 0.0008 m per cycle; for case (b) =
2.0, A =0.01, Unean = 0.0005 m/s and Axpe = 0.0002 m per cycle; for case (c) £=
2.5, A = 0.02, Unean = 0.0003 m/s and Axye = 0.0001 m per cycle. All values are
close to zero (an order of magnitude smaller than the typical flapping velocity),
confirming that the filament does not achieve effective self-propulsion under
these conditions.

When frequency fis fixed, amplitude A has a negligible effect on drag. Thus,
three groups 4 = 0.01, /= 1.5, 2.0, 2.5 were selected for in-depth analysis.

To standardize the drag reduction assessment, the force metrics are defined as
follows:

Instantaneous drag: The time-varying drag force acting on the flapping wing,
calculated by integrating the pressure distribution over the entire surface area of
the wing.

Cycle-averaged drag ((F)): The time-averaged value of the instantaneous drag
over a complete flapping cycle, which is adopted as the core indicator for quanti-
fying drag reduction performance.

Reference parameters: The reference area is the projected area of the flapping
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wing $'= 0.01 m? consistent with typical small-scale flapping foil experiments; the
reference length is the chord length of the wing c= 0.1 m, matching the geometric
scale of the flexible filament.

Sign convention: Drag forces opposing the streamwise direction are defined as
positive, while forces aiding the streamwise direction are defined as negative.

Averaging Window for Cycle-Averaged Drag:

The cycle-averaged drag is calculated based on 10 complete flapping cycles after
the transient stage. Specifically, the averaging window is initiated after the flow
field and force signals reach a stable state, with the first 3 - 5 initial transient cycles
excluded to eliminate the influence of unsteady flow on the calculation results.

Figure 10 shows the flexible filament exerts a significant drag reduction effect
on the flapping wing, which weakens with increasing f, as reflected by increased
drag amplitude. To clarify the drag reduction evaluation, the force metrics used
are defined as follows: instantaneous drag () is the time-varying drag force act-
ing on the flapping wing, calculated based on the pressure distribution on the wing
surface (integrated over the entire wing area); cycle-averaged drag ((£)) is the
time-averaged value of instantaneous drag over a complete flapping cycle, used as
the core indicator for drag reduction assessment; the reference area is the pro-
jected area of the flapping wing (8 = 0.01 m?, consistent with typical small-scale
flapping foil experiments), and the reference length is the chord length of the wing
(¢=0.1 m, matching the filament scale); the sign convention is defined as positive
for drag forces opposing the streamwise direction and negative for forces aiding
the streamwise direction. The averaging window for cycle-averaged drag is set to
10 complete flapping cycles after the transient stage (i.e., after the flow field and
force signals reach stable states, typically 3 - 5 initial cycles), ensuring the elimi-
nation of transient effects on the results.

Drag on the flapping wing mainly comes from flow field vortex street-surface
interaction; the filament reduces drag by disturbing vortex street morphology. At
f= 1.5, the regular vortex street is well-regulated by the filament, achieving the
optimal drag reduction. At higher (2.0, 2.5), faster vortex generation/shedding
weakens the filament’s regulation ability, increasing drag and reducing the drag
reduction effect. This indicates frequency matching, not amplitude, is the core of
the filament’s drag regulation, providing a key theoretical basis for subsequent

drag reduction optimization.

Comprehensive Analysis of the Motion Characteristics of Flexible
Filaments

Based on experimental data and vorticity contours, the motion characteristics of
flexible filaments in a flapping foil wake were analyzed. The filaments only moved
backward and showed no passive self-propulsion under all Reynolds numbers,
which differs significantly from their behavior in flapping foil wakes. The Reyn-
olds number and flapping parameters together affect the vortex structure and thus
the amplitude, periodicity, and stability of filament motion; clear periodic motion

only occurs at Re= 150, and stability rises with Re. Under the present parameters,
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self-propulsion cannot be achieved, which provides a reference for later parameter

optimization.

4. Conclusions

This study numerically investigates the motion and drag reduction characteristics
of a fully free flexible filament in the wake of a flapping foil via the immersed
boundary method, with a focus on the fluid-structure interaction (FSI) among the
filament, the foil, and the Kdrman/reversed-Kdrman vortex streets. Within the
Reynolds number range of Re = 50 - 300, the filament fails to achieve stable for-
ward self-propulsion, with its motion amplitude, periodicity, and stability
strongly dependent on Re; distinct periodic behavior is only observed at Re= 150.

Notably, the passive filament exerts a significant drag reduction effect on the
upstream flapping foil, which is closely tied to the wake vortex structure and its
interaction with the filament. The filament reorganizes the vortex street, attenu-
ates vortex intensity, and mitigates unsteady hydrodynamic loading on the foil
surface, thereby yielding effective drag reduction. Flapping frequency is the dom-
inant parameter governing drag reduction performance—optimal reduction is
achieved at £= 1.5 (where the reversed-Karmdn vortex street is regular and well-
regulated), while higher frequencies intensify vortex shedding, reduce coherence,
and weaken the effect—whereas vertical amplitude has a negligible impact.

This work clarifies the internal laws of passive drag reduction by a flexible fila-
ment in a flapping foil wake, providing a theoretical foundation for the design of

bio-inspired underwater propulsion systems and wake control strategies.
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